Neurons of the avian nucleus laminaris (NL) provide a neural substrate for azimuthal sound localization.
We examined the optimal stimuli for NL neurons to maintain high discharge rates, reliable phase-locking, and sensitivity to time-delayed stimuli. Whole-cell recordings were performed in chick [embryonic days 19-21 (El9-E21)]
NL neurons using an in vitro slice preparation.
Variation of membrane properties along the tonotopic axis was examined.
Computer-controlled intracellular current injection was used to mimic postsynaptic currents or conductances (PSCs) generated in NL neurons by the firing of nucleus magnocellularis (NM) neurons during acoustic stimulation. At various stimulus frequencies, the effects of varying the number of NM cells and PSC amplitudes on firing rate and phase-locking were examined. During high-frequency stimulation, the greatest firing rate and phase-locking occurred when the protocol contained few NM cells that generated large PSCs.
Because the stimulus-evoked unitary PSCs are small, we propose that NM cells fire in synchrony to generate large PSCs. To mimic the arrival of PSCs during binaural stimulation, two stimulus trains were summed at different delays before injection. The firing rate of NL neurons was greatest with zero delay. A delay of half the stimulus period evoked firing that was less than that evoked with a single train. Neurons lacking strong outward rectification exhibited neither reliable phase-locking during high-frequency stimulation nor sensitivity to stimulus delays. These findings suggest that the firing responses of NL neurons are determined primarily by their membrane properties.
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Localization of low-frequency sound along the azimuth is encoded as interaural time delays by the auditory nervous system (Goldberg and Brown, 1969; Moushegian et al., 1975; Crow et al., 1978; Carr and Konishi, 1990; Yin and Chan, 1990; Overholt et al., 1992) . In avians, nucleus laminaris (NL) provides the substrate for processing interaural time delays (Parks and Rubel, 197.5; Rubel and Parks, 1975; Young and Rubel, 1983; Carr and Konishi, 1990; Overholt et al., 1992) . NL contains the third-order neurons that are innervated bilaterally by afferents from nucleus magnocellularis (NM). This organization transforms differences in the arrival times of sound to the ears to delays in the arrival times of impulses to NL neurons (Carr and Konishi, 1990; Overholt et al., 1992; Joseph and Hyson, 1993) .
The firing of the NL neurons is modulated by differences in the arrival times of sound to the ears (Carr and Konishi, 1990) . During binaural stimulation, there is an optimal delay that produces the greatest response and a delay during which firing is less than that evoked during monaural stimulation.
Interaural time Rcceivrd July h, 1995; rcvwd Oct. 24, 199.5; accepted Oct. 26, 1995 delays on the order of microseconds can alter the firing rate. This sensitivity is possible in part because NL neurons can phase-lock and maintain high discharge rates even during high-frequency stimulation (Carr and Konishi, lY90) . Similar observations were made for neurons in the medial superior olivary (MSO) nucleus, the mammalian analog of NL (Goldberg and Brown, 1969; Moushegian et al., 197.5; Crow et al., 1978; Yin and Chan, 1990) .
The mechanisms that enable NL neurons to analyze precise temporal information are unclear. Maintenance of phase-locking and high firing rates in cochlear nucleus neurons of birds and mammals is attributable primarily to the postsynaptic membrane properties (Oertel, 1983; Manis and Marx, 1991; Reyes et al., 1994; Rothman et al., 1994; Zhang and Trussell, 1994) . One possible mechanism underlying binaural modulation of firing involves inhibitory circuits. Anatomical (Carr et al., 1989; Code et al., 1989; von Bartheld et al., 1989; Lachica et al., 1994) and electrophysiological studies (Yin and Chan, 1990; Groethe and Sanes, 1994) suggest that inhibitory neurons are important for binaural modulation of firing in NL and MS0 neurons, respectively. Specifically, inhibition at nonoptimal binaural delays is postulated to cause the firing rate to decrease below that observed during monaural stimulation.
However, removal of inhibition does not eliminate modulation (Fujita and Konishi, 1YYI) . Moreover, using a simple neuronal model Colburn et al. (1990) simulated binaural modulation with only excitatory inputs. In this report, we examine the possibility that modulation is caused by the postsynaptic membrane properties of NL neurons and does not involve inhibitory circuitry.
Using whole-cell recording techniques, we determined the optimal stimuli for maintaining high discharge rates, reliable phaselocking, and modulation of firing during time-delayed stimulation. The primary goals were (1) to examine the extent to which the in l+vo firing behavior of NL neurons is determined by their membrane properties, and (2) to gain insight regarding the functional integration of inputs to NL neurons. Under computer control, neurons were stimulated intracellularly with current that resembled synaptic currents arriving in NL during acoustic stimulation. When we used this technique, the contribution of the membrane properties to NL tiring was isolated from the possible effects of inhibitory circuits. (2) the number of NM neurons synapsing onto an NL neuron, (3) the shape and size of the unitary synaptic currents produced by each NM neuron, and (4) the average firing rate (AFR) of each NM neuron. Figure  1 illustrates the steps in calculating the injected current. A sinusoid was used to represent a tone stimulus (Fig. IR) . The frequency of the sinusoid, termed here the stimulus frequency, was varied from 400 to 6000 Hz. A train of impulses then was calculated for each NM neuron (Fig. IC) . In this example, three NM cells project onto an NL cell. The impulses were phase-locked to the tone, that is, they occurred at a fixed phase of the sinusoid, although not necessarily on every cycle. The intervals between impulses were multiples of the acoustic stimulus period (= l/F) and were randomly determined as follows. The probability of an impulse occurring at a particular cycle was defined as AFRIF. At successivc stimulus cycles, a uniformly distributed random number, ranging from 0 to 1, was drawn; an impulse occurred if the number was sAFR/F. The impulses then were summed in a histogram [H(t); Fig. ID ].
MATERIALS
An important feature of this algorithm was that AFR and F could be varied independently.
In v&o recordings reveal that the AFR of NM neurons does not vary systematically with their best frequencies (Carr and Konishi, 1990; Warchol and Dallas, 1990) . Therefore, AFR was fixed at 2.50 Hz (unless specified otherwise) and did not vary with the stimulus frequency.
As the stimulus frequency increased, the simulated NM impulses remained phase-locked but skipped more cycles to maintain a constant AFR.
In some experiments, the distribution of interspike intervals (ISIS) was Poisson. ISIS were determined as follows. A random integer. I,,(t) = kat . exp( I -at),
where k is the amplitude, 01 determines the shape, and t is time (Fig. IA) 
I,,(t) then was injected into the cell.
Alternatively, the computer was used to mimic the change in conductance produced by synaptic events. The technique used, termed here conductance clamp, is very similar to that described by Sharp et al. (1993a,b) and by Robinson and Kawai (1993) . Synaptic current, I,(l(t), can be represented as: (Robinson and Kawai, 1993; Sharp et al., 1993a,b ) demonstrated that the computer-generated conductance accurately replicates the conductance change produced by a synaptic input. The sampling rate (40 kHz) used in the present experiments was more than twofold higher than the rate (17 kHz) used by Pobinson and Kawai (1993) and eightfold higher than the rate (5 kHz) used by Sharp et al. (1993a,b) . Figure IG shows that a suprathreshold stimulus causes a dip in the current trace caused by a decrease in the driving force caused by the action potential.
The 
where T is the period of the sinusoid. 
RESULTS
Whole-cell recordings were performed in 99 NL neurons. Neurons were accepted for analysis if seal resistance between the electrode and the cell membrane before entering the whole-cell configuration mode was >I GR. The resting potential, measured in 78 cells, was -59 t 5 mV. Action potentials were evoked in 37 cells. The remaining cells did not fire action potentials, although their resting potentials were identical (-59 ? 5 mV) and their input resistances (see below) were very similar to those of cells that did fire action potentials.
Neurons were identified as belonging to NL primarily by their location in the slice. In a transverse slice, NL consists of a single layer of cells in the dorsomedial part of the brainstem. To confirm that the recorded cells were from NL and to determine their location along the tonotopic axis (see Materials and Methods), the cells were routinely labeled with biocytin. Consistent with morphologically identified NL neurons (Smith and Rubel, 1979; Smith, 1981) , the recorded neurons had segregated tufts of dendrites that extended dorsally and ventrally (see cells II and III in Fig. Y) . Unless specified otherwise, the neurons described in this report are from the rostra1 three-fourths of NL. In this section of NL, neurons have characteristic frequencies (CFs) ranging from -800 to -3000 Hz (Lippe, 1987) .
Subthreshold and suprathreshold response properties NL neurons exhibited strong outward rectification:
the voltage response to a depolarizing current step was substantially smaller than to an equivalent hyperpolarizing step ( Fig. 2A) . Hyperpolarizing current steps caused the membrane potential to decay to a minimum and subsequently sag to a less hyperpolarized level. Depolarizing current steps caused the membrane potential to rise and break abruptly to a steady level; larger steps caused a brief peak after which the membrane potential decayed to a lower potential (see Fig. 9B , cell II). The effective membrane time constant was considerably less in the depolarizing direction: the depolarizing response peaked within 2 msec, whereas the hyperpolarizing response reached its minimum -20 msec after the step onset.
A plot of voltage response (measured just before the sag; asterisk in Fig. 2A ) versus current (UZ plot) shows that the rectification started near resting potential (Fig. 2E ). The input resistance, measured from the slope of the relation at potentials below resting potential was 72 -t 34 Mb1 (n = 31). The slope resistance measured at potentials above resting potential was 1 I t 8 Ma (n = 31). In an additional 13 neurons that did not fire action potentials, the slope resistance measured below resting potential was 67 +-20 Mfl and that above resting potential was 14 ? 6 Mbl. These values were not statistically different from those of neurons that fired action potentials. The pooled values were 71 ? 30 M0 (n = 44) for resistance measured below and 12 2 7 Ml1 for resistance measured above resting potential. Figure 2 , F and G, shows the variation of subthreshold properties along the tonotopic axis. Data were from neurons labeled with biocytin. Figure 2G (inset) shows the orientation of the tonotopic axis in NL; neurons with high CFs are in the rostromedial part of NL (Lippe and Rubel, 1985; Lippe, 1987) . Neither the slope resistance measured below (solid circles in F) or above (open circles in F) resting potential varied systematically along the tonotopic axis. The slopes of the regression line for resistance above and below resting potential were I.0 X 10m3 MfZ/prn (T' = 0.02, p = 0.57; n = 22) and -6.9 X lo-' MR (r' = 0.13,~ = 0.12; n = 22) respectively. Figure 2G plots the the time-to-peak of voltage responses to depolarizing current steps against distance along the tonotopic axis. The peaks of the voltage responses ranged from -45 to -40 mV. A statistically significant correlation was obtained when the data were fitted with a log function [time-to-peak = -2.5 log(distance), r2 = 0.68; p < 0.05]. However, the relation was not significant [time-to-peak = -2.0 log(distance); p = 0.08, 1. = 0.151 when the data point from the extreme caudal end of the tonotopic axis was excluded from the fit. This indicated that, at least for neurons in the rostra1 three-fourths of NL, the rise times did not vary significantly along the tonotopic axis.
There was a statistically significant decrease in resting potential of neurons in the caudolateral to rostromedial direction of the tonotopic axis (slope = -0.01 mV/pm, p = 0.002; n = 42). However, distance accounted for only 21% (r' = 0.21) of the variation (data not shown).
In response to a suprathreshold current step, NL neurons fired a single action potential ( Fig. 2A) , after which the membrane potential remained below firing threshold. A small, brief afterhyperpolarization followed the action potentials. Firing threshold was at -42 5 6 mV (n = 37) or 18 -C 7 mV above rest. The action potentials peaked at -15 ? 17 mV (n = 37) and the amplitude, measured from resting potential, was 45 5 17 mV. The duration of the action potential, measured as the width at half the action potential height, was 0.37 + 0.15 msec (n = 37). None of these parameters varied significantly along the tonotopic axis (data not shown).
Repetitive injection of brief, suprathreshold transient currents ( Fig. 2B-D , bottom traces) evoked repetitive discharge (toy traces). At low stimulus frequencies (100 Hz; Fig. 2B ), an action potential was evoked at each cycle. At higher stimulus frequencies (500 Hz; Fig. 2C ), the action potentials did not occur on every cycle. At very high stimulus frequencies (1000 Hz; Fig. 2D ), only a single action potential was evoked at the start of the train. At these high stimulus frequencies, the individual PSCs summated temporally so that the net injected current was predominantly steady.
Stimulus-evoked synaptic currents A goal of this study was to examine the responses of NL neurons to stimuli that closely resemble acoustic stimuli. To replicate PSCs and postsynaptic potentials (PSPs) accurately, it was necessary to obtain reasonable estimates of the shape and size of the unitary PSCs and PSPs. To this end, PSCs and PSPs were evoked in NL by placing stimulating electrodes in the ipsilateral NM, the arcuate fibers originating from contralateral NM, or the white matter immediately adjacent to the dendrites of the recorded neuron. Figure 3A shows superimposed, successive records of synaptic current evoked under voltage clamp as the stimulus intensity was increased gradually. Low-intensity stimulation evoked no responses; as the intensity was increased gradually, an all-or-none current was evoked that varied little from trial to trial. Although this procedure may not necessarily stimulate a single NM fiber, it nevertheless gives an upper-limit estimate of the unitary PSC amplitude. The amplitude and width (measured at half the PSC amplitude)
of the evoked synaptic current were measured at holding potentials near rest.
The evoked unitary PSCs and PSPs were replicated by injecting current through the recording electrode (see Materials and Methods). The time course of the injected current (set Eq. I) was adjusted so that the resulting voltage deflection rcsemblcd the stimulus-evoked PSP. Figure 3B compares the stimulus-evoked PSP and the voltage deflection obtained with injection of the current. The stimulus-evoked PSC recorded under voltage clamp (polarity reversed) also is shown for comparison.
In general, stimulus-evoked and computer-generated PSCs that were comparable in shape and size produced comparable PSPs and voltage deflections.
To mimic synaptic currents more realistically, the computergenerated PSCs also were injected under conductance clamp. As with AMPA receptor-mediated synaptic currents, the amplitude of the injected current was proportional to the membrane potential and reversed at 0 mV (see Materials and Methods; Fig. IF,G) . This paradigm may be more appropriate in electrotonically short neurons in which synaptic conductances can affect somatic membrane potential.
Neither the PSC amplitude nor the half-width was correlated strongly with the location of the neurons along the tonotopic axis. Figure 3C plots the PSC amplitude against the location of neurons in the tonotopic axis. Connected symbols show data obtained in individual animals. The slope of the regression line for pooled data was 5.9 X lo-' nA/pm and was not significant @ > 0.05, r' = 0.01). The mean PSC amplitude measured in both labeled and unlabeled cells was 0.23 ? 0.18 nA (range, 0.05-0.60 mV; rr = 38). A similar plot for PSC half-width is shown in Figure 30 . A linear relation (slope, -7.8 X 10 ") best described the data; although the relation was statistically significant @I = 0.03) the distance along the tonotopic axis accounted for only 18% (1' = 0.179) of the variation. The relation was not significant (slope = 1 X loo-';p = 0.97, r2 = 0.00) when the fit was restricted to data in the rostra1 three-fourths of NL, where most of the recorded neurons were located. The mean half-width of PSCs measured in both labeled and unlabeled cells was 0.76 t 0.50 msec (II = 38).
Optimal stimulus for firing To examine the firing responses of NL neurons, a computer program was used to calculate the current that would be generated in an NL neuron during acoustic stimulation (see Materials and Methods). The protocol reproduces two key aspects of NM firing during in viva acoustic stimulation (Carr and Konishi, 1990; Warchol and Dallas, 1990) . First, the simulated NM neurons fire action potentials that are phase-locked to the stimulus and, second, their AFR is comparable with that of acoustically driven NM neurons. The injected current represents a composite of unitary PSCs generated by a specified number of simulated NM neurons (Fig. 1) . The activities of the simulated NM neurons and, therefore, the arrival of PSCs in NL were phase-locked to a sinusoid (Fig. 1B) atically. The composite current (Fig. 1E ) subsequently was injected into the cell through the recording electrode. The initial goal was to determine how the firing rate evoked in NL neurons varies with the stimulus frequency. The results are summarized in Figure 4 . The parameters of the stimulus protocol (see Materials and Methods) were set as follows. The AFR of each simulated NM cell was 250 Hz, which is in the middle range of firing rate evoked in NM neurons during in viva acoustic stimulation (Warchol and Dallas, 1990) . It is important to note that, as observed in viva (Carr and Konishi, 1990; Warchol and Dallas, 1990 ) the AFR of each simulated NM cell was constant regardless of the stimulus frequency (see Materials and Methods). With increasing stimulus frequencies, the simulated NM impulses remained phase-locked but skipped progressively more cycles so that the AFR was maintained at 250 Hz. Hence, the total number of PSCs during a train was also constant. The amplitude of the computer-generated PSCs (see insets in Fig. 4AI ,BI) was 0.2 nA; this is comparable with the mean amplitude of the stimulusevoked PSCs. The number of NM neurons that projects onto a single NL neuron is not documented well for chicks and, therefore, was varied for each stimulus frequency. Stimulation was under current clamp in Figure 4A and under conductance clamp in Figure 4B .
A requisite number of simulated NM neurons was needed to evoke firing in NL neurons. This minimal number increased with increasing stimulus frequencies. Figure 4AI plots the average evoked firing rate against the number of NM neurons for five stimulus frequencies. The first point of each curve gives the number of simulated NM cells in the protocol that evoked at least one action potential. During 500 Hz stimulation -10 NM cells were needed to evoke minimal firing, whereas during 1000 Hz stimulation 20 cells were needed. This occurred partly because the mean amplitude of the injected current at each cycle decreased with increasing stimulus frequency. The mean current per cycle, I,, is given by:
where k is the amplitude of the unitary PSCs (0.2 nA), N is the number of NM cells, AFR is the AFR of each NM cell (250 Hz), and F is the stimulus frequency. The ratio AFRIF gives the probability of an NM impulse occurring at a given stimulus cycle (see Materials and Methods quency. During low-frequency stimulation (e.g., 500 Hz), NL firing rate rose steeply with the number of NM cells to a relatively high level. As the stimulus frequency increased, the slope of the relation shallowed and the maximum evoked firing rate decreased. For example, during 500 Hz stimulation the evoked firing rate plateaued near 500 Hz, whereas during 3000 Hz stimulation the firing rate plateaued at 50 Hz. The decrease in the evoked firing rate still occurred, although the mean current per cycle, as calculated by Equation 5, was constant. In Figure 4A1 the dotted line connects points in which the mean current per cycle was equal.
The time course of the injected current became progressively more steady as the stimulus frequency increased. During 500 Hz stimulation with 25 simulated NM cells, the composite current (Fig. 4A2 , bottom truce) had distinct peaks that occurred regularly at a rate equal to the stimulus frequency. The neuron fired action potentials on nearly every cycle. During stimulation at 1500 Hz with 25 NM cells (Fig. 4A3 ), the injected current was predominantly steady; this occurred because the PSCs were distributed over many cycles and hence summated temporally. As with steady current injection, only a single action potential was initiated at the start of the train. In contrast, during low-frequency stimulation, the same number of PSCs was distributed over fewer cycles that were well separated in time; consequently, less temporal summation occurred.
The decrease in the number of action potentials during high-frequency stimulation occurred partly because the voltage threshold increased.
In Figure 4A3 , several of the voltage deflections exceeded threshold (for action potentials evoked with a single suprathreshold stimulus; dotted lines) but failed to evoke action potentials.
The neurons were still capable of firing; a further increase in the number of NM cells did evoke additional action potentials (Fig. 4A4) . However, the action potentials were shorter and broader than those evoked at the start of the train, indicating that the sodium conductance inactivated partially. Similar observations were made under conductance clamp in the same cell (Fig. 4B) . The amplitude of the computer-generated conductance was 4 nS, which produced a -0.2 nA PSC when applied at rest. As was observed under current clamp, the maximum evoked firing under conductance clamp was greatest during low-frequency stimulation and decreased with increasing stimulus frequency (Fig. 4BI ). The injected current and the voltage responses during low-frequency stimulation (Fig. 4E2 ) contained large transients, whereas the current and voltage waveforms during high-frequency stimulation (Fig. 4B3,B4 ) contained substantial steady components.
A notable difference between conductance and current clamp was that at high stimulus frequencies, the firing rate evoked under conductance clamp was considerably lower. The maximum firing evoked during 1200 Hz stimulation under conductance clamp, for example, was -10 Hz (Fig. 4BI) , whereas the maximum rate evoked at 1.500 Hz under current clamp was 80 Hz (Fig. 4AI) . This occurred because the injected current under conductance clamp decreased as the membrane potential approached the reversal potential (0 mV) for the PSC. Hence, the average membrane potential during stimulation under conductance clamp was less than the potential under current clamp at the same stimulus frequency. In eight neurons, the firing evoked during 1200 Hz stimulation did not exceed 30 Hz. The CFs of three of these neurons, estimated from their location in NL (Lippe, 1987) , were >2000 Hz. Because the evoked firing rates were substantially lower than those evoked in the owl NL during in viva acoustic stimulation (-190 Hz; Carr and Konishi, 1990) , additional experiments were performed to examine the optimal conditions for firing.
During high-frequency stimulation, the firing rate evoked in NL neurons was increased by using protocols with large PSCs. In the following, stimuli were applied under conductance clamp but similar results were obtained under current clamp. Figure 54 Protocols containing large PSCs were more efficient at evoking high firing rates than protocols containing small PSCs. In Figure  54 the dotted line connects data points in which the total conductance change (number of NM cells X amplitude of unitary conductance) was equal. For an equivalent total conductance change, progressively higher discharge rates were obtained with larger PSCs. Moreover, with a larger unitary conductance change, the maximum firing rate was attained with fewer simulated NM cells.
For an equivalent total conductance change, the time course of the injected current varied substantially with the number of NM cells. For example, the current generated when the protocol contained 5 NM cells (32 nS unitary conductance change) contained large transients (Fig. 5B ), whereas the current generated when the protocol contained 40 NM cells (4 nS unitary conductance change) was predominantly steady (Fig. 5C ).
Optimal stimuli for phase-locking
The protocol also was used to examine the ability of NL cells to phase-lock to stimuli. Phase-locking was quantified using vector strength analysis (Goldberg and Brown, 1969) (see Materials and Methods). A vector strength of 1 indicates perfect phase-locking, whereas a value of zero indicates that the evoked action potentials occurred randomly throughout the stimulus cycle. The aims of the following experiments were (1) to examine the variation of phaselocking with stimulus frequency, and (2) to determine the stimulus conditions that are optimal for phase-locking. Unless specified otherwise, the data presented below were obtained under current clamp, and the discharge rate of each simulated NM cell was 250 Hz.
Phase-locking decreased with stimulus frequency. The curves in Figure 6A plot the relation between vector strength and stimulus frequency under various conditions. The relation obtained when the amplitude of the computer-generated PSC (0.2 nA) was comparable with the mean amplitude of the stimulus-evoked PSC also is shown (solid triung/es). Examining phase-locking with small PSCs proved difficult because the firing rates evoked at high stimulus frequencies were often very low. For this cell, however, > 100 Hz firing was attained by increasing the number of NM cells to 40 at all stimulus frequencies. The vector strength was 0.4 during 1 kHz stimulation and decreased to near zero during 3 kHz stimulation. The vector strengths obtained under these conditions were considerably lower than those documented in viva in NL (Carr and Konishi, 1990 ) and MS0 neurons (Crow et al., 1978; Yin and Chan, 1990) . The following experiments, therefore, were performed to examine stimulus conditions that were more favorable for phase-locking.
Phase-locking during high-frequency stimulation improved when the protocol contained few NM neurons. The additional curves in Figure 6A show the relations between vector strength and stimulus frequency when the number of simulated NM neurons was varied. The amplitudes of the PSCs were adjusted so that the evoked firing rate exceeded 100 Hz in all cases. During 1000 Hz stimulation, the vector strength obtained when the protocol contained 3 NM cells (1.4 nA unitary PSCs; solid squares) was >0.8; this was twice the vector strength obtained with 40 NM cells (0.2 nA unitary PSCs; ttian&).
At higher stimulus frequencies, reliable phase-locking was obtained only when the protocol contained very few NM cells. During 3000 Hz stimulation, the vector strength obtained during stimulation with one NM cell (2.5 nA unitary PSC; solid circles) was -0.5; that obtained with 40 NM cells (ttiangles) was nearly zero.
The decrease in vector strengths was correlated primarily with the number of NM cells and not directly with the evoked firing rate or the size of the PSCs. Figure 6B plots vector strength against the number of NM cells under three conditions. Data were obtained under current clamp during 1200 Hz stimulation. In the first condition (solid squares), the amplitude of the PSCs was 0.5 n A. The evoked firing rate increased from 160 to 300 Hz when the number of simulated NM cells was increased from one to five cells. As the stimulus frequency was increased, phase-locking comparable with that observed during in viva acoustic stimulation in NL (Carr and Konishi, 1990 ) and MS0 (Crow et al., 1978; Yin and Chan, 1990) neurons was attained only when the protocol contained very few NM cells. Figure 6C plots vector strengths against the number of NM cells (1, 3, and ~5 cells) for a range of stimulus frequencies. Each data point is the average (*SD) vector strength compiled from several cells (n shown in parentheses). The PSC amplitudes were such that the evoked firing rate exceeded 100 Hz (mean 218 ?X 68 Hz) during 400 Hz stimulation and 40 Hz (mean 102 t 57 Hz) during 1200 Hz stimulation. At low stimulus frequencies (400 Hz; squares), the vector strengths were high and decreased only slightly as the number of NM cells in the protocol was increased. The mean value when the protocol contained 3 and ~5 NM cells was 0.9 2 0.1 and 0.8 ? 0.1, respectively. In one cell that was stimulated with a protocol containing 100 simulated NM cells, the vector strength was 0.9. These values are comparable with those obtained in MS0 neurons (>0.8) (Crow et al., 1978; Yin and Chan, 1990) during acoustic stimulation at comparable frequencies. During 1200 Hz stimulation, vector strengths (0.8 ? 0.1) comparable with those in V&O (-0.8) (Crow et al., 1978; Carr and Konishi, 1990; Yin and Chan, 1990) were attained only when the protocol contained 1 NM cell. With three NM cells, the vector strength dropped to 0.5 + 0.2. Similarly, during 3200 Hz stimulation, only the vector strength (0.6 + 0.2) obtained with 1 NM cell was comparable with those measured in owls (-0.6; Carr and Konishi, 1990) . With three NM cells, the vector strength decreased to 0.1 ? 0.1. Inspection of voltage traces (Fig. 60, top truces) obtained during 1500 Hz stimulation with 1 and 40 NM cells shows that with 1 NM cell, the membrane potential repolarized to near resting potential after each action potential. In contrast, with 40 NM cells, there was a sustained depolarizing shift in the membrane potential because of summation of the computer-generated PSPs.
cles) on the AFR of each NM neuron. Stimulation was with three NM cells; the PSCs (amplitude, 1.4 nA) were applied under current clamp. Stimulus frequency was 1500 Hz. Increasing the AFR of each simulated NM neuron increased the evoked firing rate. However, there was an accompanying decrease in the vector strengths. Increasing the NM discharge rate, like increasing the number of NM cells, caused more summation of the voltage and current waveforms (data not shown).
The vector strengths obtained under conductance clamp were similar to those obtained under current clamp (n = 4). Figure 6A (open squares) shows the data obtained under conductance clamp with three NM cells in the stimulus protocol. The evoked firing rates were comparable with those obtained under current clamp. The plot of vector strength versus stimulus frequency superimposes with the plot obtained during stimulation with three NM cells under current clamp (solid squares). As with current clamp, vector strength decreased with stimulus frequency and increased when the stimulus protocol contained few NM cells that generated large PSCs (data not shown).
The temporal characteristics of NM firing also may affect NL firing. For simplicity, the intervals between each simulated NM action potential in the stimulus protocols were assumed to be distributed uniformly around a mean interval (see Materials and Methods). The ISIS of auditory neurons often are described as a Poisson or quasi-Poisson distribution (Manley and Robertson, 1979; Klinke and Pause, 1980; Geisler, 1981; Manley et al., 1991) . The firing rate and the vector strengths obtained using a Poisson process to determine the ISIS of the simulated NM cells were not systematically different from those obtained using a uniform distribution (n = 3; data not shown).
Variation of firing rate and phase-locking with other stimulus parameters
The algorithm used in generating the injected current was chosen to examine firing and phase-locking under simplified conditions. To ensure that the results are generalizable to more complex stimulus waveforms that may arise during acoustic stimulation, several modifications were made in the stimulus protocols.
Finally, the protocol was modified so that the amplitude of the unitary PSCs varied with the ISIS of the simulated NM cells. In NM neurons, the amplitude of the stimulus-evoked PSCs was found to vary with the instantaneous stimulus rate (Raman and Trussell, 1993) . A similar phenomenon appears to exist in NL neurons (A. D. Reyes and W. J. Spain, unpublished observations). Incorporating frequency-dependent variations in PSC amplitudes into the protocol caused an additional decrease in the evoked firing rate, particularly during high-frequency stimulation (data not shown). The net effect was to decrease the average current amplitude per cycle as given by Equation 5.
Modulation of firing during time-delayed stimulation with two trains
In addition to the number of NM cells and the stimulus fre-
The synaptic current reaching the soma of NL neurons during quency, the firing responses of NL neurons also may vary with the binaural stimulation was mimicked by constructing two sets of AFR of the simulated NM neurons. In viva recordings in chicks trains, representing inputs from ipsilateral and contralateral NM. reveal that NM neurons can sustain firing ranging from 100 to 500
As above, the impulses of each train were phase-locked to a Hz (Warchol and Dallas, 1991). the arrival of stimulus to the two ears, the onset of one of the trains was delayed systematically before summation and injection.
As was observed in viva (Carr and Konishi, 1990) , there was an optimal delay that evoked the greatest firing. Figure 8AI (solid circles) plots the firing rate evoked with 0.2 nA PSCs as a function of delay. Stimulus frequency was 400 Hz. Each train contained 20 simulated NM cells (40 NM cells total). Data shown were obtained under current clamp, although similar results were obtained under conductance clamp. The greatest firing rates were obtained when the delays between trains were small. At these delays, the firing rate exceeded that evoked with a single train (symbols on left). As the delay was increased, the evoked firing rate decreased. At 180" phase delay, the evoked firing rate was less than that evoked with a single train.
The voltage and current waveforms became more steady as the delays between trains increased. Figure 8A2 -A4 compares the voltage records during stimulation with a single train (Fig. 8A2 ) and during stimulation with two trains introduced with zero ( Fig.  8A3 ) and 180" (Fig. 8A4 ) phase delays. The voltage and current waveform obtained during two-train stimulation with no delay contained large transients that were well segregated in time. The amplitudes of these transients were greater than those during stimulation with a single train. In contrast, temporal summation occurred when the delay between trains was 180". In effect, introducing two stimulus trains with a 180" phase shift is analogous to doubling the stimulus frequency.
Decreasing the number of NM neurons in the protocol decreased the delay-dependent modulation of firing. The additional curves in Figure 8AI plot firing rate versus delay for a range of NM cell number. The PSC amplitudes (4 nA/number of NM cells) were adjusted so that the firing rate evoked with one train (symbols on leff) were comparable in all cases. The difference between the maximum and minimum firing rates systematically decreased as the total number of NM cells was decreased from 40 to 2 NM cells. With two NM cells (open circles), the firing did not vary with delay.
Modulation of firing decreased with increasing stimulus frequency. Figure 8BI plots the relations obtained during stimulation at 400, 600, 800, and 1200 Hz for another cell. Data shown were obtained under conductance clamp, but similar observations were made under current clamp. The stimulation protocol was with a total of six NM cells, each of which produced a 30 nS unitary synaptic conductance. As the frequency increased, the difference between maximum and minimum firing rate decreased systematically. In general, modulation of firing did not occur when the stimulus frequencies exceeded 1200 Hz: only 3 of 14 NL neurons exhibited modulation during 1200 Hz stimulation. Figure Responses of other cell types to the stimulus protocol To determine whether the firing responses evoked with the stimuli were unique to NL neurons, the stimulus protocols also were applied to other cell types. Figure 9A shows representative cells labeled with biocytin: cell I was from NM; cell II was from the rostra1 three-fourths of NL; cell III was from the caudolateral region of NL; and cell IV was from nucleus vestibularis descendalis. Figure 9B compares the responses of the cells during current-step injections. NM neurons, like NL neurons, exhibited strong outward rectification (Reyes et al., 1994) . Cell III exhibited less outward rectification: the voltage responses to depolarizing and hyperpolarizing steps were less asymmetric, and the humps during depolarizing steps were broader. Cell IV did not exhibit outward rectification and fired repetitively during stimulation with a suprathreshold current step. Note also that the times-to-peak of the depolarizing voltage responses in cells III and IV were considerably longer than those of neurons in NM or in the rostra1 region of NL.
Only neurons that exhibited strong, rapidly activating outward rectification were able to phase-lock reliably during highfrequency stimulation. Figure 9C plots vector strength against the stimulus frequency for the different cell types. In all cases, the stimulus protocol contained three simulated presynaptic cells. Curves obtained from NM and NL were compiled from three and seven neurons, respectively. Vector strengths of cells III and IV were clearly less than those obtained for the NM and the anterior NL neurons, particularly during high-frequency stimulation. The relation for a cell from the lagenar region that also tired repetitively is included (solid triungles). The firing of cells that lacked strong, rapidly activating outward rectification was not modulated during time-delayed stimulation with two trains. Figure 9D plots the firing as a function of delay for an NL neuron (solid circles), cell IV (open tn'arzgles), and the lagenar neuron (solid triangles). All protocols contained a total of six NM cells and the stimulus frequency was 400 Hz. The difference between maximal and minimal firing rate was considerably less for cell IV and the lagenar neuron than for the NL neuron.
DISCUSSION
In this study, we examined the responses of NL neurons to stimuli that mimicked the synaptic inputs during monaural and binaural acoustic stimulation. Using a computer, the current generated by the summed activities of NM neurons was calculated and injected into the cell. We demonstrated that the optimal stimuli for maintaining high discharge rates and reliable phase-locking contained few NM neurons that generated large PSCs. We also showed that NL firing was modulated by two trains applied at different delays. Because the protocol effectively excluded the contribution of the neural network, modulation was necessarily attributable to the intrinsic membrane properties of the cell.
The discharge patterns of the simulated NM cells replicated two features of NM firing: (I) their impulses were phase-locked, and (2) their average discharge rates were within the range observed in viva during acoustic stimulation (Warchol and Dallas, 1990) . To examine phase-locking under ideal conditions, jitter in NM firing was not incorporated into the protocol. The transient, high-frequency discharge at the start of acoustic stimulus (Warchol and Dallas, 1990 ) also was excluded: as suggested by Figure  7 , this burst would increase the evoked firing rate but decrease phase-locking. The distributions of NM ISIS were either uniform or Poisson; both produced comparable responses.
The computer-gcncrated PSCs and PSPs were adjusted to match the stimulus-evoked PSCs and PSPs. Because the stimulusevoked PSPs were measured at the soma, their shape and size reflected any transformations that occurred in the dendrites. The spike initiation region likely is in the initial segment (Stuart and Sakmann, 1994) or at the first node of Ranvier for rostrally located NL neurons (Carr and Boudreau, 1993a) , that is, downstream from both the dendrites and soma. Therefore, computergenerated and stimulus-evoked PSPs should have similar effects on firing. Although the PSCs were evoked in an all-or-none manner with minimal stimulation of afferents, the measured amplitudes represent upper limit estimates of the unitary PSC amplitude. Our conclusions, however, will not be affected if the true amplitudes arc smaller.
The computer-generated PSCs were injected under current or conductance clamp. Conductance clamp may be more appropriate for neurons with high CFs because their short dendrites likely make them more electrotonically compact. Either type of stimulus produced comparable phase-locking and modulation of firing during time-delayed stimuli. The evoked firing was less under conductance clamp because the decrease in input resistance and "driving force" attenuated the voltage responses.
Maintenance of high discharge rates, phase-locking, and sensitivity to time-delayed stimuli Strong, rapidly activating, outward rectification caused NL neurons to be more responsive to transient than to steady stimuli. The outward rectification has a rapid onset and is relatively persistent. Similar rectification has been observed in other auditory neurons (Wu and Ocrtel, 1984; Wu and Kelly, 1991; Banks and Smith, 1992; Zhang and Trussell, 1994; Smith, 1995) and is attributable to a rapidly activating, slowly inactivating outward current (Manis and Marx, 1990; Reyes et al., 1994) . During steady current injection, NL neurons fired only a single action potential because the outward current becomes tonically active after a short delay and prevents further threshold crossings. In contrast, repetitive stimulation with transients allows the outward current to deactivate in the interstimulus intervals and hence permit firing during successive stimulus cycles.
The firing evoked with the stimulus protocol was greatest during low-frequency stimulation because the injected current contained large transients that were well segregated in time. During high-frequency stimulation, the evoked firing rate was low because temporal summation of the PSCs increased and the injected current became predominantly steady. The number of threshold crossings was reduced because tonic activation of the outward current attenuated the voltage responses in the depolarizing direction and increased firing threshold. The elevated threshold likely was attributable to a decrease in the net inward ionic current (Bennett et al., 1970) caused by tonic activation of the outward current and partial inactivation of the sodium conductance. Using a protocol that contained few and large PSCs incrcascd firing, because the injected current contained larger transients and less steady components. Firing rates comparable with those documented in vivo (Carr and Konishi, 1990) were evoked only with protocols containing very few NM cells.
Reliable phase-locking was strongly dependent on the stimulus waveform. During low-frequency stimulation, the membrane potential contained large transients that peaked at each cycle and were near resting potential between cycles. Hence, the probability of an action potential crossing threshold was greatest near the start of each cycle. During high-frequency stimulation, the peaks did not occur necessarily at a certain phase of the cycle because of temporal summation of the PSPs. Phase-locking decreased because the probability of evoking action potentials was comparable throughout the stimulus cycle.
Like discharge rates, phase-locking during high-frequency stimulation was improved by using protocols that contained few NM neurons and large PSCs. This reduced temporal summation of the current and voltage waveforms. Vector strengths comparable with those observed in vivo (Carr and Konishi, 1990; Yin and Chan, 1990) were obtained only with protocols containing few NM cells that generated large PSCs. This is consistent with modeling studies (Rothman et al., 1994) that suggest that suprathrcshold PSCs produce the most reliable phase-locking in spherical bushy cells.
The optimal stimuli for firing and phase-locking in these embryonic (El9-E2l) NL neurons arc unlikely to differ substantially in older animals. The sub-and suprathreshold membrane properties of embryonic NL neurons are similar to those of NL neurons in posthatch chicks (postnatal days l-6; Reycs et al., 1991) . Because the rapidly activating outward rectification appears to be crucial for phase-locking, it also should bc present in comparable amounts in adult NL neurons. Hence, the optimal stimulus protocol in adult NL neurons also would contain few and large PSCs.
The sensitivity of NL neurons to time-delayed stimuli was replicated in vitro. The evoked firing was modulated by phase delays in the application of two stimulus trains. This occurred because the relative amount of transient and steady components varied under each stimulus condition. Firing was greatest with zero delay because the amplitude of the transients was largest. Firing evoked with 180" phase delay was less than that evoked with a single train because the composite current was predominantly steady. These results suggest that modulation of tiring, at least for low frequencies, is not critically dependent on inhibitory inputs. Modulation was consistently observed only during stimulation at frequencies less than -1200 Hz. At higher stimulus frequencies, the injected current was equally steady at all delays. The range of frequencies at which modulation occurred is comparable with that in mammals (Yin and Chan, 1990) but is substantially less than that in owls (up to 6.5 kHz; Carr and Konishi, 1990) . This discrepancy may reflect further specializations in the owl auditory system.
The difference between the firing rate at the favorable and unfavorable delay was greatest when the protocol contained many small PSCs. Extensive summation of PSCs at the nonoptimal delay was crucial for tonic activation of the outward current and, thus, for attenuation of firing. This contradicts the optimal stimuli for high firing rates and phase-locking, which require few and Hackett et al., 1982; Jackson and Parks, 1982; Oertel, 1983; Zhang and Trussell, 1994) . These cells transmit phase-locked information but, unlike NL neurons, do not process binaural information directly.
Functional implications
Strong, rapidly activating outward rectification was crucial for phase-locking: neurons lacking this property were unable to phase-lock as reliably as NL or NM neurons. Because of its rapid onset, the rectification rapidly repolarized the membrane potential and minimized temporal summation (Manis and Marx, 1991; Reyes et al., 1994) . However, the degree of summation ultimately depends on the characteristics of the synaptic input: with many small PSCs, summation still occurs regardless of the magnitude or time course of the outward rectification.
The optimal stimulus protocol for maintaining high discharge rates and reliable phase-locking during high-frequency stimulation contained few large PSCs. This contradicts anatomical and physiological data. The estimated number of NM neurons that project to an NL neuron ranges from 20 to 50 in adult chicks (S. Young and E. Rubel, unpublished observations) and from 45 to 150 in adult barn owls (Carr and Boudreau, 1993b) . It is conceivable that neurons with high CFs receive fewer and larger PSCs. Anatomically, these neurons have a smaller dendritic surface area than neurons with low CFs (Smith and Rubel, 1979; Smith, 1981) . However, this would contradict our data showing that the measured PSCs are equally small throughout the tonotopic axis (Fig. 3) . Nevertheless, there are posthatch changes in dendritic morphology, and the possibility of associated changes in the number and amplitude of PSCs cannot be excluded. Figure 10 shows a schematic of an NL neuron innervated by 2.5 NM cells, each of which generates a 0.2 nA PSC. If, during 1200 Hz stimulation, the NM neurons fire independently of each other, summation occurs and the composite current has a large sustained component (Fig. 10A) . If five groups of five NM neurons are synchronized, however, there effectively will be five 1 nA PSCs appearing in NL (Fig. 1OB) . In owls, an eighth nerve fiber projects to three to six NM neurons (Carr and Boudreau, 1991) . Because synaptic potentials in NM are large (Hackett et al., 1982; Zhang and Trussell, 1994) , the NM neurons may fire synchronously.
